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In plants, auxin functions as a master controller of
development, pattern formation, morphogenesis,
and tropic responses. A sophisticated transport
system has evolved to allow the establishment of
precise spatiotemporal auxin gradients that regulate
specific developmental programs. A critical unre-
solved question relates to how these gradients can
be maintained in the presence of open plasmodes-
mata that allow for symplasmic exchange of essen-
tial nutrients and signaling macromolecules. Here
we addressed this conundrum using genetic, physio-
logical, and cell biological approaches and identified
the operation of an auxin-GSL8 feedback circuit
that regulates the level of plasmodesmal-localized
callose in order to locally downregulate symplasmic
permeability during hypocotyl tropic response. This
system likely involves a plasmodesmal switch that
would prevent the dissipation of a forming gradient
by auxin diffusion through the symplasm. This regu-
latory system may represent a mechanism by which
auxin could also regulate symplasmic delivery of a
wide range of signaling agents.
INTRODUCTION
A prominent issue in the biology ofmulticellular organisms is how
non-cell-autonomous signaling molecules cross the boundary
that is conventionally defined as the cell membrane. Auxin, a
quintessential hormone involved in controlling plant develop-
ment, pattern formation, morphogenesis, and tropic responses,
requires coordinated polarized transport to establish the requi-
site precise spatial and temporal gradients (Brunoud et al.,
2012; Leyser, 2005; Sabatini et al., 1999; Vanneste and Friml,
2009; Zhao et al., 2010). The genes underlying the formation of
such local auxin gradients, including those that mediate the132 Developmental Cell 28, 132–146, January 27, 2014 ª2014 Elsevipolarized transport of this hormone, are now well characterized
and provide a general principle for hormone action (Bennett
et al., 1996; Christensen et al., 2000; Ju¨rgens and Geldner,
2007; Michniewicz et al., 2007; Noh et al., 2003; Sorefan et al.,
2009; Weijers and Friml, 2009; Wisniewska et al., 2006).
In Arabidopsis thaliana, a specific positioning of efflux carriers,
including PIN-FORMED (PIN) and P-glycoproteins, allows for the
export of auxin from the cytoplasm of donor cells into the cell wall
(Murphy et al., 2002; Wisniewska et al., 2006). Transfer of this
released auxin into the adjacent receiver cells is accomplished
by active H+/IAA symport mediated by AUX1/LAX family
members (Bennett et al., 1996; Kleine-Vehn and Friml, 2008;
Yang et al., 2006). This combination of processes, termed polar
auxin transport (PAT), provides distinctive patterns of auxin
distribution in the embryo, shoot and root apical meristems,
apical hook, and sites of lateral root initiation, as well as during
phototropic and gravitropic responses (Band et al., 2012;
Brunoud et al., 2012; Vanneste and Friml, 2009). Interdicting
the efflux transporters causes abnormal/dispersed patterns of
auxin distribution in these various domains, with a concomitant
alteration in developmental programming (Cheng et al., 2006;
Ljung et al., 2005; Zhao et al., 2001; Benkova´ et al., 2003; Christie
et al., 2011; Friml et al., 2002a, 2002b, 2003).
Modeling studies have shown that the efficacy of the PAT
system is quite sensitive to the degree to which auxin can
move within tissues by diffusion (Bayer et al., 2009; Jo¨nsson
et al., 2006; Smith et al., 2006). Hence, regulation of the
boundaries for passive auxin movement appears to be crucial,
in terms of establishing/maintaining an auxin gradient. These
modeling studies confined their attention to passive diffusion
across the plasma membrane. Interestingly, another potential
pathway for auxin diffusion would be through plasmodesmata
(PD) (Lucas and Lee, 2004). These plant-specific intercellular
organelles establish a cytoplasmic continuum between
neighboring cells (103105 PD/cell), termed the symplasmic
pathway (Robards, 1975), which functions in the delivery of
nutrients, such as sucrose and amino acids, essential for
supporting the high levels of metabolism taking place within
developing tissues. Furthermore, PD also facilitate the cell-to-
cell transport of proteins and RNA, some of which play essentialer Inc.
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cellular domains covered by auxin gradients (Kim et al., 2005c;
Lucas et al., 1995, 2009; Schlereth et al., 2010; Xu and Jackson,
2010).
Because auxin is an organic acid of a size (200 Da) similar
to that of sucrose and, given that sucrose moves by diffusion
through PD, this raises the question as to how an auxin gradient
could be established andmaintained in the presence of open PD.
One possibility is that control over PD permeability would be
tightly coordinated with the auxin signaling network, in order to
produce and maintain auxin gradients when the need arises for
developmental reprogramming.
A number of cellular components involved in regulating
PD permeability have been identified (Benitez-Alfonso et al.,
2009, 2013; Kobayashi et al., 2007; Lee et al., 2011; Simpson
et al., 2009; Stonebloom et al., 2009; Vate´n et al., 2011), and
callose, a b-1,3-glucan, appears to be a key factor (Lucas
et al., 2009). Studies of GLUCAN SYNTHASE LIKE 8 (GSL8),
an enzyme involved in callose synthesis, and b-1,3-glucanase,
the enzyme involved in callose turnover, have established that
PD callose deposition can regulate trafficking through PD of
transcription factors and viral movement proteins (Chen and
Kim, 2009; Guseman et al., 2010; Levy et al., 2007). Further
evidence for the role of callose in regulating PD permeability
was also provided by studies of the gfp arrested trafficking
(gat) mutant (Benitez-Alfonso et al., 2009). The regulation of PD
callose deposition and cell-to-cell connectivity is also critical in
determining the pattern of lateral root formation (Benitez-Alfonso
et al., 2013).
In this study, we used seedling phototropic responses to
explore the relationship between PD permeability and PAT. We
demonstrate the presence of an auxin-PD-callose feedback
circuit that downregulates symplasmic permeability in order to
permit the formation of an asymmetric auxin gradient essential
for these plant tropic responses. Importantly, we show that
reduced PD callose, and the concomitant increase in PD
permeability, allows for PD-mediated auxin diffusion, thereby
preventing the establishment of the auxin gradient and, hence,
resulting in seedling hypocotyls being unresponsive to light.
Our studies reveal that development of a spatial auxin gradient
requires de novo synthesis of PD-localized callose, regulated
by an auxin-mediated plasmodesmal switch. This regulatory
system may represent a mechanism by which auxin could regu-
late symplasmic delivery of a wide range of signaling agents.
RESULTS
Hypocotyl Tropic Responses Require GSL8-Derived PD
Callose Deposition
To test the hypothesis that regulation of PD callose deposition
is essential for the establishment of a localized auxin gradient,
a screen was conducted for Arabidopsis mutants lacking PD
callose. The Arabidopsis genome contains 12 genes encoding
putative callose synthases (GSL1–12) (Chen et al., 2009). Among
the 11 gsl mutants tested, with the exception of the gameto-
phytic lethal mutant gsl10, only gsl8/calS10/massue/chorus
lacked aniline blue-based PD callose staining (Figure 1A). This
finding is consistent with GSL8 being the major enzyme involved
in PD callose deposition (Guseman et al., 2010).DevelopmBecause gsl8 is a cytokinesis-defective mutant that showed
abnormal embryogenesis and seedling lethality (Chen et al.,
2009; Thiele et al., 2009), transgenic plants expressing a
double-stranded (ds)GSL8 RNAi construct, under the control of
the dexamethasone (dex)-induction system (Aoyama and
Chua, 1997), were employed to knock down the GSL8 transcript
level. These lines phenocopied the gsl8 mutant with dwarf
phenotype and abnormal hook opening and had specifically
reduced GSL8 transcript levels (Chen et al., 2009) (Figure 1B;
Figures S1A–S1C available online). Real-time RT-PCR assays
further confirmed that a 6 hr dex treatment caused a 90% re-
duction in GSL8 transcript level compared to wild-type and
dex () plants (Figure 1C). Interestingly, this reduction in GSL8
transcripts was accompanied by significant increases in tran-
scripts of other family members, most notably GSL5 and GSL7
(Figure 1B). Importantly, as aniline blue signal was barely detect-
able in dex-treated dsGSL8 RNAi (hereafter referred to as
dsGSL8+dex) seedlings (Figure 1A), it would appear that the
upregulated GSL genes do not contribute to PD callose deposi-
tion. Taken together, these experiments establish that PD cal-
lose, produced by the action of GSL8, is downregulated in these
dsGSL8+dex plants.
To explore the involvement of PD callose in auxin gradient
formation, we chose the hypocotyl as a model system, as here
an asymmetric auxin distribution is a prerequisite for the photo-
tropic and gravitropic responses that mainly depend on cell
elongation rather than division. Both wild-type and uninduced
control dsGSL8 RNAi (dex) (hereafter referred to as
dsGSL8dex) seedlings displayed normal tropisms (Figures
1D and 1E). However, dsGSL8+dex seedlings were unrespon-
sive to either light (Figure 1D) or gravity (Figure 1E). The growth
reduction of the dsGSL8+dex hypocotyl might contribute to
the observed reduced tropic responses. This possibility was
unlikely based on studies obtained using younger seedlings
(dsGSL8±dex). Here we observed similar growth characteristics,
but distinctive phototropic and gravitropic differences (Figures
1D and 1E; Figure S1D). This suggested that the nonphototropic
response of the dsGSL8+dex seedlings was not caused by a
defect in elongation per se, but rather from an inability to undergo
differential elongation between the shaded and illuminated sides
of the hypocotyl. These findings are significant, as dex-inducible
GAL4:GR control seedlings (Figure S1E) and all other tested gsl
mutants (Figure S1F) exhibited normal phototropic responses.
An asymmetric distribution of callose was observed in photo-
tropically responding dsGSL8dex hypocotyls (Figures 1F–1H
and 1L). In contrast, no such asymmetric deposition was
detected in dsGSL8+dex nonresponsive hypocotyls (Figures
1I–1L). To confirm whether the nonphototropic nature of these
dsGSL8+dex hypocotyls was associated with a reduction in
PD callose, an anticallose antibody was used to visualize callose
associated with PD (Figure S1G). Our immunogold studies
clearly demonstrated that, in comparison to thewild-type control
(Figure 1M), the level of PD callose was greatly reduced in
dsGSL8+dex hypocotyls (Figures 1N and 1P; Figure S1G).
Equivalent results were obtained with hypocotyls from the gsl8
mutant (Figures 1O and 1P; Figure S1G), thereby indicating the
effectiveness of the dex-induction system in reducing the level
of GSL8 and, thus, PD callose. However, as some residual
PD-associated callose was still detected in the gsl8 andental Cell 28, 132–146, January 27, 2014 ª2014 Elsevier Inc. 133
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Figure 1. Reduction of GSL8 Activity Associated with Plasmodesmal Callose Synthesis Impairs Both the Hypocotyl Phototropic and Grav-
itropic Responses
(A) Punctate aniline blue-based callose staining. The discrete aniline blue fluorescent regions reflect callose in PD pit fields located within the epidermal cell walls.
(B and C) Quantitative real-time RT-PCR analysis showing a specific reduction in GSL8 mRNA level (n = 3; data are mean ± SD; Student’s t test, *p < 0.05).
(D and E) dsGSL8+dex seedlings are defective in phototropism (D) and gravitropism (E). A 2 hr pretreatment (±20 mM dex) was followed by a light or gravity
treatment applied to 3-day-old etiolated (top) or 2-day-old etiolated (middle) and light-grown (bottom) seedlings. Times after tropic treatments are indicated.
(F–K) Deposition of callose in the phototropic response domain of dsGSL8 hypocotyls (control, F–H; dex-induced, I–K). Yellow arrows indicate asymmetric
distribution of callose in dsGSL8dex control hypocotyls. White dashed lines (throughout all figures) mark the other hypocotyl surface.
(L) Punctate aniline blue signal measured from dsGSL8±dex lines during phototropic response. Fluorescence foci intensities were measured from ten inde-
pendent hypocotyls (data are mean ± SD; Student’s t test, *p < 0.01).
(M–O) Immunogold labeling of callose (black dots) in PD (red arrowheads) of wild-type (M), dsGSL8+dex (N), and gsl8 (O) hypocotyls. Insets: higher-magnification
images.
(P) Number of immunogold particles detected within the PD. These statistics were derived from analysis of various hypocotyl cellular boundaries (epidermis-
cortex-endodermis-vascular cells) of 22, 19, and 21 individual sections (data are mean ± SD; Student’s t test, *p < 0.01).
Thick blue and white arrows (D–K) indicate the direction of blue light or gravity treatment, respectively (same throughout all figures). Scale bars represent 50 mm in
(A) and (F)–(K) and 200 nm in (M)–(O). See also Figure S1.
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Figure 2. De Novo Callose Synthesis Is
Essential for Phototropic and Gravitropic
Responses
(A) Phototropism kinetics in dsGSL8dex. India
black ink, used as a spatial marker, identified the
upper hypocotyl as the phototropic response
domain (PRD).
(B) Transgenic PGSL8::GFP seedlings establish that
GSL8 expression is coincident with the photo-
tropic response domain.
(C and D) Treatment of wild-type seedlings with
2-deoxy-D-glucose, a callose synthase inhibitor,
also suppresses the hypocotyl tropic response.
Three-day-old wild-type seedlings were treated
with the indicated concentrations of DDG for 8 hr
and then subjected to a phototropic light treatment
for 6 hr (C). Wild-type seedlings were germinated
on MS media, with or without DDG, and 2-day-old
seedlings were subjected to a gravity treatment for
12 hr (D). Right: the mean angle of tropic bending.
(E–G) Phototropic curvature of hypocotyls after
DDG treatment in wild-type seedlings or dex
treatment in dsGSL8 seedlings. DDG (2 mM) (E) or
dex (20 mM) (G) treatments were started before
(h) or after (+h) lateral light stimulus in 2-day-old
etiolated seedlings. Different concentrations of
dex were applied to dsGSL8 seedlings (F).
(C–G) n = 50, three replicate experiments; data are
mean ± SD; Student’s t test, *p < 0.05.
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GSL family also contributes to PD callose deposition.
De Novo Callose Synthesis Is Required for Seedling
Phototropic and Gravitropic Responses
A role for GSL8 in the tropic responses was further supported
by its expression pattern. Previously, GSL8 expression was re-
ported to occur in various organs, including roots, leaves, stems,
floral buds, and flowers (Chen et al., 2009). Time-lapse imaging
of PGSL8::GFP reporter seedlings using a stereoscopic micro-
scope indicated that GFP signal coincided with the phototropic
response domain that is located immediately below the hook
of etiolated hypocotyls that are undergoing a phototropic
response (Figures 2A and 2B). Additional evidence in support
of the requirement for PD callose deposition was gained by ex-
periments in which 2-deoxy-D-glucose (DDG) was used to inhibit
callose synthase activity (Jaffe and Leopold, 1984). This treat-
ment severely inhibited phototropic (Figure 2C) and gravitropic
bending (Figure 2D), but hypocotyl elongation was not sig-
nificantly affected within the period of the tropic response.Developmental Cell 28, 132–146Phototropic bending assays performed
following the addition of DDG, at different
times before phototropic stimulus, estab-
lished that inhibition of phototropic
bending takes place even when DDG
and light are simultaneously applied (Fig-
ure 2E). This finding strongly supports the
hypothesis that de novo callose synthesis
is essential for the normal phototropic
response. An optimal seedling pretreat-ment regimen to elicit maximal inhibition of the tropic response
involved a 2 hr dark treatment in 20 mM dex (Figures 2F and 2G).
Reduced GSL8 Activity Correlates with Increased PD
Permeability and Symplasmic Auxin Movement
A reduction in PD callose, achieved by lowering theGSL8mRNA
level, should result in an increase in PD permeability, thereby
allowing for enhanced symplasmic diffusion of small molecules
such as auxin. This prediction was tested by examining the effect
of dex treatment on cell-to-cell movement of fluorescent probes.
Loading of the symplasmic tracer 8-hydroxypyrene-1,3,6-trisul-
fonic acid (HPTS) (Chen et al., 2009) revealed an enhanced
capacity for its diffusion within dsGSL8+dex hypocotyls (diffu-
sion distance of 1,685 ± 292 mm) compared to control (955 ±
143 mm) (Figure 3A). Microinjection experiments also demon-
strated that a 4.4 kDa fluorescein-labeled probe was able to
move radially into neighboring cells in dsGSL8+dex hypocotyls
but was confined to the injected cells in the controls (Figure 3B;
Table S1). These studies indicate that reduced PD callose is
correlated with an increase in PD permeability., January 27, 2014 ª2014 Elsevier Inc. 135
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Figure 3. Reduction of GSL8 Activity Results in
Elevated Plasmodesmal Permeability and Auxin
Movement
(A) Fluorescence images taken 20 min after HPTS and
12 kDa Texas red (TR)-dextran were applied to
dsGSL8±dex hypocotyl cut surfaces (arrows). Note that
the 70 kDa TR-dextran probe remained at the cut
surface. Arrows in (A) indicate loading sites of probes.
(B) Coinjection into hypocotyl cells of the indicated
probes (see also Table S1). Arrowheads indicate injected
cells.
(C) Comparison of [14C]2,4-D movement in dsGSL8±dex
hypocotyls (n = 10 seedlings, three replicate experi-
ments; data are mean ± SD; Student’s t test, *p < 0.05).
(D–O) Four-day-old etiolated dsGSL8 (PDR5::GUS,
PDR5::RFP, P35S::DII:VENUS) seedlings treated with the
indicated chemical(s). Images were obtained 24 hr after
treatment (±20 mM dex and/or ±2 mM NPA/50 mM 6-FI).
Images in (J)–(O) represent stacked confocal z section
images for P35S::DII:VENUS.
(P–R) Relative signal level of GUS, RFP, and VENUS
shown in (D)–(O) (n = 10 seedlings, three replicate ex-
periments; data are mean ± SD; Student’s t test, *p <
0.05).
(S) Seedlings imaged after 2 mM NPA and/or 20 mM dex
treatment(s). Red arrowheads indicate the hypocotyl
upper and lower boundaries.
(T) Hypocotyl lengths measured on 3-day-old seedlings
(n = 20, two replicate experiments; data are mean ± SD;
Student’s t test, *p < 0.05).
Scale bars represent 100 mm in (A), (B), and (D)–(O) and
200 mm in (S). See also Figure S2.
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movement of auxin was explored next. First, experiments
with 14C-labeled 2,4-dichlorophenoxyacetic acid (2,4-D), a
synthetic auxin, established that, compared to mock controls,
dsGSL8+dex hypocotyls had significantly enhanced rates of
auxin movement (Figure 3C). Treatment with 1-N-naphthyl-
phthalamic acid (NPA), an inhibitor of PAT, of dsGSL8+dex
hypocotyls could only partially suppress 2,4-D movement.
Next, auxin loading studies were conducted on dsGSL8 plants
carrying the PDR5::GUS auxin response reporter. Both indole-
3-acetic acid (IAA), a native form of auxin, and 2,4-D induced
only weak GUS signal in the lower part of dsGSL8dex hypo-
cotyls (Figure S2A); in contrast, a strong GUS signal was
observed in dsGSL8+dex hypocotyls treated with or without
both 1-naphthoxyacetic acid (1-NOA; an auxin influx transporter
inhibitor) and NPA. The use of two PAT inhibitors excluded the
possibility that both PAT-driven and passive apoplasmic fluxes
of 2,4-D can induce the expression of PDR5::GUS, as negatively
charged apoplasmic 2,4-D (pKa of 2.73) cannot enter into cells
without the assistance of the influx transporter under 1-NOA
treatment. Thus, the enhanced auxin response observed in
dsGSL8+dex hypocotyls treated with both 1-NOA and NPA
strongly suggests more extensive symplasmic auxin movement
than in control dsGSL8dex hypocotyls.
Studies of dsGSL8dex PDR5::GUS (or PDR5::RFP) etiolated
seedlings established that endogenous auxin was present in
the cotyledons (site of its synthesis) but was confined to the
hypocotyl hook region (Figure 3D). In marked contrast, the
GUS or RFP signal in dsGSL8+dex etiolated seedlings was
similarly detected in the cotyledons and hook region but
extended a considerable way down the hypocotyl (Figures 3G,
3P, and 3Q). Importantly, treatment with NPA did not alter the
auxin reporter pattern in the ±dex condition (Figures 3E and
3H) compared to the controls (Figures 3D and 3G).
Results obtained using the auxin input sensor DII:VENUS
(Brunoud et al., 2012) indicated that the auxin responses
observed using the DR5 reporter could be correlated with auxin
levels (Figures 3J–3O and 3R). Here, dsGSL8+dex etiolated
hypocotyls with or without NPA showed weaker VENUS signal
(stronger auxin level) than in mock hypocotyls. These data
suggest that PAT is not the cause of the observed increase in
auxin levels in dsGSL8+dex hypocotyls.
To assess the possibility of an increase in local auxin syn-
thesis, we treated dsGSL8+dex etiolated hypocotyls with 6-fluo-
roindole (6-FI), an inhibitor of the tryptophan-mediated IAA
synthesis pathway. This treatment globally reduced the DR5
signal, but it did not abolish the auxin response pattern observed
in dsGSL8+dex hypocotyls (Figures 3F, 3I, 3P, and 3Q). The
DII:VENUS pattern in dsGSL8+dex hypocotyls treated with
6-FI was also similar to that of dsGSL8+dex hypocotyls (Figures
3O and 3R). These results indicate that the increased auxin levels
in dsGSL8+dex hypocotyls were not dependent on the 6-FI-
sensitive local auxin synthetic pathway. In addition, dsGSL8+
dex hypocotyls did not show any significant change in the
expression of the two auxin synthesis marker genes YUCCA4
and YUCCA6 (Figures S2B and S2C). Taken together, these
studies support the hypothesis that a reduction in GSL8
transcripts yields both an increase in PD permeability and
enhanced capacity for symplasmic auxin movement throughDevelopmthe hypocotyl that is independent of PAT and local auxin
synthesis.
The question as to whether dsGSL8+dex seedlings allow for
more extensive in planta auxin movement was further
addressed. In light-grown Arabidopsis, auxin moves down the
plant axis from the cotyledons into the hypocotyl and root,
predominantly by the PAT pathway (Lewis and Muday, 2009),
and hypocotyl length is correlated with this PAT (Jensen et al.,
1998). Treatment with NPA can significantly inhibit hypocotyl
growth (Jensen et al., 1998; Lewis and Muday, 2009). We tested
whether dsGSL8 induction could suppress this effect of NPA
by enhancing symplasmic auxin movement through the PD
pathway. Under NPA treatment, hypocotyl elongation of
dsGSL8+dex seedlings was observed to be significantly greater
than the dsGSL8dex controls (Figures 3S and 3T). This result
added further support to the notion that symplasmic auxin diffu-
sion is increased when the level of PD callose is reduced.
Auxin Gradient, but Not the PAT System, Is Perturbed in
dsGSL8+dex Hypocotyls
In plants, an asymmetric auxin distribution is essential for tropic
responses (Friml et al., 2002b); that is, the auxin concentration
needs to be higher on the hypocotyl side away from the tropic
vector. Measurements of asymmetric auxin distribution and
response were performed using dsGSL8dex seedlings car-
rying DII:VENUS, PDR5::GUS, or PDR5::RFP. In mock-treated
seedlings, an auxin gradient (also asymmetric auxin response)
was clearly evident after a phototropic treatment (Figures 4A,
4E, 4F, and 4J; Figure S3). In contrast to this control situation,
auxin distribution and response in dsGSL8+dex hypocotyls
were symmetrical (Figures 4B, 4E, 4H, and 4J; Figure S3).
These findings suggested that the increase in PD perme-
ability, associated with a reduction in PD callose, can prevent
the formation of the auxin gradient required to mediate the
tropic-driven curvature. Alternatively, PAT in the hypocotyl,
mediated by auxin influx and efflux transporters (Ding et al.,
2011; Mravec et al., 2009; Stone et al., 2008), could be modified
by dex treatment or misregulation of PD. This possibility was first
tested by NPA treatment, which effectively inhibited phototropic
bending of etiolated seedlings without significantly altering
hypocotyl growth (Friml et al., 2002b). Treatment with NPA
resulted in symmetric auxin distribution and response in
the ±dex condition (Figures 4C–4E, 4G, 4I, and 4J). Next, cellular
localization studies were performed on dsGSL8 plant lines
carrying PAUX1::AUX1-YFP (Stone et al., 2008), PPIN1::PIN1-
GFP, or PPIN3::PIN3-GFP (Ding et al., 2011). Although PIN1-GFP
signal was undetectable in the dsGSL8±dex hypocotyls,
AUX1-YFP and PIN3-GFP displayed similar cellular expression
patterns in blue light-treated dsGSL8dex and dsGSL8+dex
hypocotyls (Figures 4K–4M). Although we could not test all the
components involved in PAT, these findings suggested that
the lack of a phototropic response in the dsGSL8+dex seedlings
is unlikely due to a disruption in PAT but rather to an increase in
PD permeability.
GSL8 Expression Is Positively Regulated by an Auxin-
ARF7 Feedback Circuit
Our studies conducted with transgenic plants expressing the
PDR5::RFP and PGSL8::GFP reporters established a close spatialental Cell 28, 132–146, January 27, 2014 ª2014 Elsevier Inc. 137
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Figure 4. Auxin Gradients in dsGSL8+dex
Hypocotyls Are Perturbed, but This Is Not
Caused by an Alteration in the PAT System
(A–J) Expression patterns of DII:VENUS (auxin level),
PDR5::RFP (auxin response), and PGSL8::GFP (GSL8
expression) in dsGSL8±dex seedlings after photo-
tropic treatment. Images in (A)–(D) represent stacked
confocal z section images for P35S::DII:VENUS. Ratio
of VENUS (E) or RFP (J) signal measured on the
shaded and illuminated half sides or epidermis of the
hypocotyl (A–D and F–I, respectively) (n = 10, three
replicate experiments; data are mean ± SD; Stu-
dent’s t test, *p < 0.01). Scale bars represent 100 mm.
(K and L) Phototropic response domain sections
showing similar cellular expression patterns for
AUX1 (K) and PIN3 (L) observed in dsGSL8±dex
hypocotyls after a 3 hr phototropic treatment.
Transverse sections (left) were built from stacked
longitudinal z section images using a 3D imaging
program. Right: hypocotyl epidermal (surface) and
central sections in (K) and (L), respectively. Scale
bars represent 50 mm. Blue arrows indicate the di-
rection of blue light.
(M) Relative GFP signal intensity measured over
the cortical-endodermal cell boundaries on the
shaded and illuminated sides of the hypocotyl
(arrowheads in L) (n = 10; data are mean ± SD;
Student’s t test, *p < 0.05).
See also Figure S3.
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Auxin-Callose-Mediated Plasmodesmal Gatingrelationship between these fluorescent signals (Figures 4F–4I;
Figures S3N–S3Q). Their expression was prominent in the
epidermal layer on the shaded side, relatively weak in the cortex,
and barely detectable in vascular tissues (Figure S3N). This
observation is consistent with the pattern of callose deposition
(Figures 1G and 1H) in which the shaded distal epidermal and
cortical cells undergoing enhanced cell elongation also accumu-
lated the highest callose levels. Importantly, PGSL8::GFP expres-
sion was induced by auxin application, especially in the upper
region of the hypocotyl (Figures 5A and 5B). Furthermore, quan-
titative RT-PCR assays demonstrated that both a phototropic
signal and exogenously added auxin caused an increase in the
level of GSL8 expression in wild-type hypocotyls (Figures 5C
and 5D). However, in the arf7 mutant that is defective in auxin-
dependent tropic responses (Tatematsu et al., 2004), this light
induction was attenuated, and application of exogenous auxin
failed to upregulate GSL8 expression. In agreement with this
result, during the phototropic response, callose accumulation
in arf7 mutant seedling hypocotyls was dramatically reduced
compared to the control seedlings (Figure 5E).
Treatment of wild-type seedlings with cycloheximide (CHX),
an inhibitor of translation, did not block GSL8 induction by auxin
(Figure 5D), suggesting that GSL8 could be a primary down-
stream target of auxin. Sequence analysis of the 50 upstream
region of GSL8 revealed only one putative ARF binding site
in our reporter promoter (PGSL8::GFP). Thus, we produced
PGSL8::LUC and mutated PGSL8m::LUC (putative ARF binding
site: TGTCTC/TCTGTC) constructs to further test the auxin
response of these promoters. Employing an Agrobacterium-
mediated transient expression assay system, we observed a
significantly higher induction of luminescence with the control
construct, after auxin treatment, compared to mock controls
(Figure 5F). However, this induction could be abolished in assays
in which we expressed a mutant construct, PGSL8m::LUC lacking
the ARF binding site (Figure 5F). Furthermore, chromatin immu-
noprecipitation (ChIP) analysis corroborated that this upstream
ARF binding site is a bona fide target site of ARF7 (Figure 5G).
In order to test whether ARF7-mediated GSL8 regulation
is required for proper phototropic response, the gsl8 mutant
was transformed with either PGSL8::GSL8 or PGSL8m::GSL8. The
wild-type PGSL8::GSL8 construct could rescue both the develop-
mental growth phenotype and phototropic curvature (Figures 5H
and 5I). In contrast, the PGSL8m::GSL8 construct could only
partially rescue the developmental phenotype, but failed to
restore phototropic curvature (Figures 5H and 5I). These findings
suggest the operation of an auxin-ARF7-mediated regulatory
network in the control of GSL8 expression, and support a model
in which GSL8 and auxin act, in concert, to create a positive
feedback circuit (Figure 5J) that can minimize auxin diffusion
through PD (Figure S4).
Overaccumulation of PD Callose Results in Enhanced
Phototropic Curvature
According to the positive feedback circuit model (Figure 5J), the
upregulation of PD callose deposition is required to impede the
PD-mediated diffusion of auxin, and this is induced by auxin.
Thus, in a situation reflecting ectopic overaccumulation of
callose, phototropic bending would be predicted to occur in
a shorter time frame than in the control condition. To test thisDevelopmhypothesis, P35S::GSL8 (overexpression) plants were produced
and characterized (Figure 6). High callose overaccumulators
(lines 5 and 6) were dwarf (Figures 6A and 6B) and seedling
lethal. In contrast, mild callose accumulators (17 and 24) ex-
pressing slightly higher GSL8 transcripts than wild-type plants
showed more rapid growth under long-day conditions and
longer hypocotyl length in etiolated seedlings than control
plants (Figures 6A–6D). Callose levels in the hypocotyls of
P35S::GSL8-17 and P35S::GSL8-5 were significantly higher than
those present in wild-type hypocotyls (Figures 6E–6H). In
addition, etiolated P35S::GSL8-17 seedlings displayed a reduc-
tion in auxin loading through cut hypocotyls compared to wild-
type seedlings (Figure 6I). As predicted, these transgenic lines
showed accelerated phototropic responses (Figure 6J). Taken
together, these studies support the hypothesis that the hypo-
cotyl phototropic response involves an auxin-GSL8-mediated
positive feedback gating of PD that integrates auxin status and
PD permeability.
DISCUSSION
Extensive studies have been carried out by plant biologists to
gain a detailed understanding of the mechanism by which the
hormone auxin regulates a broad spectrum of developmental
programs. These studies have led to the seminal discovery that
localized auxin gradients require the coordinated activities of
plasma membrane-localized transporters that establish the
capacity for PAT (Bennett et al., 1996; Noh et al., 2003; Sorefan
et al., 2009; Wisniewska et al., 2006). However, very little to no
attention has been paid to how this systemcould function in plant
tissues in which PD establish functional symplasmic domains
(Kim et al., 2002, 2005a, 2005b; Lucas et al., 2009; Stadler
et al., 2005). In this study, we set out to address this conundrum.
Our experimental findings provide insight into a mechanism that
operates to allow PAT and symplasmic continuity to coexist
through the action of an auxin-callose feedback circuit that regu-
lates PD gating during the formation of an auxin gradient.
The Hypocotyl as a Model System to Explore the Role of
Symplasmic Permeability during Tropic Responses
Earlier studies established that GSL8/CHORUS plays an im-
portant role in regulating PD permeability (Guseman et al.,
2010). We built on this information to develop an experimental
system, based on RNAi, to allow us tomanipulate the expression
level of GSL8 and, hence, control the extent to which cells are
symplasmically connected. Because GSL8 is required for cell-
plate formation (Chen et al., 2009; Thiele et al., 2009), knock-
down of GSL8 transcripts would necessarily perturb cell division
in RNAi tissues. In view of this fact, we performed our studies of
hypocotyls and used their response to light and gravity as a
model system, because this process involves cell elongation
rather than division (Gendreau et al., 1997; Whippo and Hangar-
ter, 2006). Furthermore, it is well established that these tropic
responses require an asymmetric distribution of auxin across
the hypocotyl to drive differential cell elongation (Brunoud
et al., 2012; Christie et al., 2011; Friml et al., 2002b; Vanneste
and Friml, 2009; Whippo and Hangarter, 2006).
Using this experimental system, we show that the loss of
phototropic bending of the hypocotyl was closely correlatedental Cell 28, 132–146, January 27, 2014 ª2014 Elsevier Inc. 139
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Figure 5. Auxin Controls GSL8 Expression through ARF7-Mediated Transcriptional Activation
(A and B) Effect of 2,4-D treatment on PDR5::RFP and PGSL8::GFP reporters in the upper hypocotyl region of dark-grown seedlings. White dashed lines mark the
other surface of the hypocotyl. Scale bars represent 100 mm.
(C) Kinetics of light-induced GSL8 expression in wild-type and arf7 mutant seedlings (n = 3; data are mean ± SD; Student’s t test, *p < 0.01).
(legend continued on next page)
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Auxin-Callose-Mediated Plasmodesmal Gatingwith a reduction in PD callose (Figure 1). It is well known that the
region responding to these environmental signals is located
immediately below the cotyledon-hypocotyl junction, referred
to as the hook (Figure 2A) (Christie et al., 2011; Friml et al.,
2002b; Vanneste and Friml, 2009). Our PGSL8::GFP reporter
studies established that GSL8 expression coincided with this
phototropic response domain (Figure 2B), consistent with a
causative relationship between PD callose synthesis and the ca-
pacity of this tissue to mount a tropic response. Such a relation-
ship was also supported by our finding that de novo synthesis of
PD callose is necessary for the hypocotyl to be competent to
respond to light or gravity (Figures 2C–2E).
Reduction of GSL8 Activity Enhances Symplasmic Auxin
Movement
In Arabidopsis, symplasmic flux through PD is faster than
apoplasmic flux, as shown in the Drop-ANd-See dye loading
assay (Lee et al., 2011). A range of experiments, including dye
and auxin loading (Figures 3A and 3C),microinjection (Figure 3B),
auxin reporter assays (Figures 3D–3R), and seedling growth
studies (Figures 3S and 3T), all offered strong support for the
hypothesis that a reduction in PD callose results in elevated
auxin movement through the symplasm. The absence of photo-
tropic responses for dsGSL8+dex seedlings was also correlated
with a loss of the asymmetric auxin gradient (Figures 4A–4J; Fig-
ure S3). This observed uniform auxin pattern likely reflects
diffusion of auxin through the open PD. These findings offer
strong support for the notion that establishment of an effective
auxin gradient requires the coordinated downregulation of
symplasmic permeability through GSL8-mediated deposition
of PD callose.
In a more complicated scenario, because PD opening might
result in altered movement of many other molecules besides
auxin, it could also lead to some unexpected effects in auxin
biology, such as PAT or local auxin biosynthesis. But these
possibilities are unlikely, because inhibition of PAT and auxin
synthesis using chemical inhibitors did not abolish the pattern
of auxin response or auxin movement shown in dsGSL8+dex
seedlings (Figures 3C–3O). In addition, the expression of some
key marker genes involved in PAT and auxin synthesis was not
changed in dsGSL8+dex seedlings (Figures 4K–4M; Figures
S2B and S2C).
In many cases, blocking PAT also leads to a dispersed auxin
distribution, probably due to auxin diffusion. In contrast to
wild-type embryos, in which DR5 signal was confined to the
basal region, the pin4 mutant showed DR5 signal within the(D) Kinetics of 2,4-D- or IAA-mediated induction ofGSL8 expression in wild-type
after cutting at the midhypocotyl zone (C and D). IAA and 2,4-D, 2 mM; CHX, 50
(E) Aniline blue-based callose staining. Loss of PD callose in hypocotyls of the ar
Scale bars represent 100 mm.
(F) Auxin application upregulates GSL8 promoter activity in a transient tobacco
images.
(G) ChIP analysis of the ARF7 binding site in the GSL8 promoter. IAA19 promote
(H) gsl8 seedlings transformed with a PGSL8m::GSL8 construct are defective in p
(F and H) n = 15 seedlings or leaf discs, three replicate experiments; data are m
(I) Transgenic seedling phenotypes produced from the gsl8 rescue assay. Scale
(J) Simplified model of a positive feedback circuit for auxin/ARF7-mediated reg
deposition.
See also Figure S4.
Developmentire embryo at the early stages of development (Friml et al.,
2002a). Similarly, DR5 activity was shown to spread more widely
in both the root tip and shoot apical meristem after NPA treat-
ment (Benkova´ et al., 2003). NPA treatment led to a symmetric
distribution of auxin in the hypocotyl (Friml et al., 2002b; Figures
4C and 4G). Highly relevant to our current studies, these findings
suggest that a tight regulation over both PAT and symplasmic
auxin diffusion is essential for establishing precise patterns of
auxin distribution.
A Positive Feedback Circuit Coordinates PAT and PD
Permeability
Insights into the underlying mechanism responsible for regu-
lating symplasmic permeability, during the establishment of an
auxin gradient, were provided by our studies of transcriptional
regulation of GSL8. First, a strong positive relationship was
observed between GSL8 expression and endogenous (Figures
4F–4I; Figures S3N–S3Q) and exogenous auxin levels (Figures
5A and 5B). Second, an equivalent relationship was established
between light treatment and GSL8 expression (Figure 5C),
reflecting the influence of blue light on auxin gradient formation
in the hypocotyl, as phenocopied by application of exogenous
auxin (Figure 5D). The associated expression of GSL8 and DR5
auxin responses occurred mainly in the epidermis and cortex
of the apical hook and elongation zones of hypocotyl cells, where
the photoreceptor PHOT1 is also localized (Sakamoto and
Briggs, 2002; Wan et al., 2008). This implies that DR5 auxin
response and GSL8 expression are closely involved in this
light-stimulated response. The absence of such responses in
the arf7 mutant (Figures 5C–5E) provides a link between auxin,
upregulation of GSL8 transcription, and elevated PD callose
deposition (Figure 5J). These findings gain additional support
from experiments in which application of exogenous auxin was
shown to block the cell-to-cell movement of small RNA through
the hypocotyl (Liang et al., 2012). Interestingly, an earlier study
reported a lack of effect of exogenous auxin on symplasmic
permeability in the Arabidopsis root meristem (Rutschow et al.,
2011). Because auxin sensitivity and PD permeability vary
among tissues and experimental conditions, it is not possible
to draw direct comparisons between different experimental
tissues.
Our auxin-GSL8 feedback circuit model suggests a potential
mechanism for the establishment of auxin gradients within plant
tissues. Here an interaction between PAT and the auxin-medi-
ated stimulation of PD callose deposition may yield a state in
which a shift to the PD closed state allows for the efficientand arf7mutant seedlings. RNA was extracted from the upper half of seedlings
mM (n = 3; data are mean ± SD; Student’s t test, *p < 0.01).
f7 mutant compared with control seedlings after a 6 hr phototropic treatment.
expression assay. Relative signal strength was quantified between 0 and 3 hr
r primers were used as a positive control.
hototropism.
ean ± SD; Student’s t test, *p < 0.01.
bars represent 1 mm.
ulation of PD permeability via GSL8 expression and upregulation of callose
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was supported by our transient expression analysis, rescue
analysis using native and mutated promoters, ARF7 ChIP anal-
ysis, and P35S::GSL8-overexpressing seedling analysis (Figures
5F–5I and 6). In addition to transcription-driven regulation of
PD callose deposition, we cannot discount the possibility that
GSL8 activity is also being regulated by other light- or auxin-
mediated inputs. It has long been known that callose synthesis
is upregulated by cytosolic Ca2+ (Morrow and Lucas, 1986;
Waldmann et al., 1988). Thus, one such input could be a trigger
to activate endoplasmic reticulum- or plasma membrane-local-
ized Ca2+ channels positioned in the neck region of the PD.
This system is consistent with a report that auxin can elicit a tran-
sient rise in cytosolic Ca2+ (Monshausen et al., 2011). Another
possibility is that auxin induces a transient production in reactive
oxygen species (Joo et al., 2001, 2005) that then triggers the
deposition of PD callose (Benitez-Alfonso et al., 2009). Such in-
puts could work in concert with the auxin-ARF7-mediated in-
crease inGSL8 expression to develop a robust response leading
to enhanced levels of PD callose and the subsequent formation
of confined symplasmic domains.
How dynamic is callose deposition and turnover in plants?
How long does such an auxin gradient/PD callose need to be
present to be effective and be compatible with the local require-
ments for growth and nutrient exchange? In our system, the
hypocotyl tropic responses occur over a short time frame of
3–6 hr. In corn coleoptiles, callose deposition can be observed
within 5 min of gravity stimulation, and prior to the beginning of
curvature (Jaffe and Leopold, 1984). In pumpkin, callose deposi-
tion was shown to reach amaximum 10min after an applied heat
treatment, and this newly deposited callose was then totally
degraded within 40 min (Furch et al., 2010). Among the 50
members of the Arabidopsis b-1,3-glucanase family, more than
20 are expressed in hypocotyls (Doxey et al., 2007), suggesting
the possibility of high callose turnover during a tropic response.
In addition, a recent study showed that auxin levels actually
oscillate within root tissues with a periodicity of 6 hr (Moreno-
Risueno et al., 2010). Interestingly, these authors also found
that both ARF7 and GSL8 oscillate, in phase, again with a 6 hr
period, but in antiphase with auxin. These results provide
additional support for our ARF7-GSL8 regulatory model. It is
worth noting that the original gsl8mutant and dsGSL8 RNAi lines
also showed a defect in the root gravitropic response. Currently,
it would be premature to generalize the application of this model
to other auxin maxima-forming processes, but this is an impor-
tant question for future studies.
In conclusion, we here provide many levels of supporting
evidence that plants have evolved a sophisticated system to
allow control over symplasmic permeability in order to develop
auxin gradients essential for tropic responses or specific genetic
reprograming. An important element of this system involves
an auxin-GSL8-mediated feedback circuit that controls sym-(E–G) Aniline blue-based callose staining in P35S::GSL8 plants. Scale bars repres
(H) Punctate aniline blue signal measured from wild-type and transgenic lines. Flu
(data are mean ± SD; Student’s t test, *p < 0.01).
(I) Comparison of [14C]2,4-D movement in P35S::GSL8 hypocotyls (n = 10 seedling
(J) Kinetics of phototropic response in P35S::GSL8 plants. P35S::GSL8 exhibited s
experiments; data are mean ± SD; Student’s t test, *p < 0.01).
Developmplasmic permeability through the level of PD callose. The
dynamic nature of this symplasmic regulation is reflected by
both glucan synthase and glucanase activities at the PD. It will
be important to identify the cellular components that control
the activities of these two opposing enzymes. Potential candi-
dates might be PD-associated receptor-like kinases that have
been suggested to act as gatekeepers of the symplasmic trans-
port of information molecules through PD (Stahl and Simon,
2013). Finally, this auxin-GSL8-mediated feedback circuit may
represent a mechanism by which auxin could regulate symplas-
mic delivery of a wide range of signaling agents.
EXPERIMENTAL PROCEDURES
Protocols
The protocols used for RNA extraction, reverse-transcription and real-time
PCR, plasmid constructs, microscopy imaging, transmission electron micro-
scopy and callose immunolocalization, transient expression assays, and
ChIP assays are described in Supplemental Experimental Procedures.
Plant Materials and Growth Conditions
In this study, all A. thaliana wild-type and mutant lines were in Columbia
background. PGSL8::GFP, PDR5::GUS, PDR5::RFP, P35S::DII:VENUS (Brunoud
et al., 2012), and various auxin-related transgenic lines were introduced into
a dexamethasone-inducible dsGSL8 background by crossing or transforma-
tion using the floral dip method (Clough and Bent, 1998). Analyses were
done on segregating filial (F)2 or F3 generations. Seeds were surface sterilized
and germinated on plates containing 13 Murashige and Skoog (MS), 0.6%
agar media supplemented with 20 mM dexamethasone (+dex), as indicated
in the text. General growth conditions were as previously described (Chen
et al., 2009). Etiolated seedlings were grown for 3 days in continuous darkness
and then tested for the tropism response.
Callose Staining
Arabidopsis seedlings or cotyledons were immersed in callose staining buffer
(CSB) for 1 hr. CSB was a mixture of 0.1% (w/v) aniline blue in autoclaved
triple-distilled water and 1 M glycine (pH 9.5) at a volume ratio of 2:3. Samples
were then washed and stained for 3–4 min in an aqueous solution of 2 mg/ml
propidium iodide.
Hypocotyl Loading Assay
Three-day-old etiolated Arabidopsis seedlings were transferred to MS agar
plates containing 0 or 20 mM dex, as indicated in the text, and, after 1 day of
dark pretreatment, hypocotyls were excised at the base of the hook. A coverslip
was placed between each hypocotyl cut surface and theMS agar plate. For dye
loading, individual agarblockscontainingHPTS (5mg/ml)wereplacedon thecut
hypocotyl surface. After a 5min loading period, seedlings were washed in water
for 15 min and then fluorescent probe movements were evaluated by confocal
microscopy. For auxin loading, IAA (2 mM), 2,4-D (2 mM), or [14C]2,4-D (American
Radiolabeled Chemicals; specific activity of 50 mCi mmol1) was applied to the
hypocotyl cut surface. Samples were exposed to the MultiSensitive Phosphor
Screen (PerkinElmer) for 4 days, and the screen was scanned with a phosphor
imager (Cyclone Plus Storage Phosphor System; PerkinElmer).
Tropism Responses
Seedlings were grown vertically on MS agar plates at 25C in the dark. For
phototropic experiments, 3-day-old etiolated seedlings were exposed to
low-intensity (2 mmol m2 s1) unilateral blue light. For gravitropic studies,ent 100 mm.
orescence foci intensities were measured from three independent hypocotyls
s, three replicate experiments; data are mean ± SD; Student’s t test, *p < 0.05).
ignificantly enhanced phototropic responses (n = 50 seedlings, three replicate
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Auxin-Callose-Mediated Plasmodesmal Gatingplates were rotated 90 and, following the indicated treatment periods,
seedlings were imaged with a scanner for measurements of the angle of
curvature.
Microinjection Assays
Microinjection was performed as previously described (Lucas et al., 1995).
Three-day-old etiolated Arabidopsis seedlings were used for microinjection
studies. Hypocotyls were covered with 0.3 M mannitol solution, and fluores-
cent probes (1 mM) were injected into epidermal cells and their cell-to-cell
movement was observed by confocal microscopy (Leica; model SP2).
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures,
four figures, and one table and can be found with this article online at http://
dx.doi.org/10.1016/j.devcel.2013.12.008.
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